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modelling	 approach,	 in	 correlating	 the	 manufacture-induced	 defects	 with	 the	 experimentally	 observed	 performance	 variations.	 The	 experimental	 and	 numerical	 study	 focuses	 on	 composite	 Omega	 beams
manufactured	through	a	VARTM	process	as	an	example	of	an	aero	structure	subcomponent.	The	correlation	analysis	is	applied	to	four-point	bending	performance	of	Omega	beams.










beams	were	made	from	tri-axial	non-crimp	fabric	(Hexcel	HexForce)	with	two-part	room	temperature	epoxy	resin	(Sicomin	SR1710	and	SD8824).	Table	1	 lists	 the	key	data	 for	processing	 the	 fabric	and	the	resin




























































	(GPa) 137 	(GPa) 2.78 	(J/m2) 260
	(GPa) 8.50 0.30 	(J/m2) 1008
	(GPa) 1.00 	(kg/m3) 1170 	(MPa) 40
	(GPa) 4.50 	(MPa) 80
	(GPa) 3.22 Resin	rich	pocket	cohesive	properties
0.32 	(MPa) 80






numerical	 parameters.	The	 cohesive	 strength	N	 for	Mode	 I	 and	S	 for	Mode	 II/III	were	 numerically	 determined	 as	 40	MPa	 and	 80	MPa	 respectively,	 based	 on	 the	 prediction	 fitting	with	 the	 experimental	measurements.	 Further





contact	algorithms	between	 the	 rollers	and	 the	Omega	beam.	 In	comparison	with	ABAQUS/Implicit	 solver,	ABAQUS/Explicit	 solver	was	more	applicable	 in	 this	 study	 for	 taking	 into	account	 shell	 element	 thickness	 in	 the	contact
penetration	calculation.	There	was	numerical	noise	in	the	predicted	flexure	load-displacement	response.	For	consistency,	the	same	Butterworth	filter	was	applied,	in	the	ABAQUS	postprocessor,	to	the	flexure	load-displacement	output
		 	
		 	 		 	 		 	
		 	
		 	 		 	 		 	
		 	 		 		 	
		 	 		 	 		 	












Max	flexure	stress	(MPa) Max	load	(N) FE	max	load	(N) Error	(%)
Omega	beam	1 525.99	±	64.28 380.03	±	46.44 350 −8
Omega	beam	2 247.07	±	26.29 178.51	±	19.00 160 −10








where	 	and	 	are	 the	effective	 shear	 stress	and	 the	normal	 stress	on	cohesive	contact	 interface.	At	 the	 locations	of	 crack	 initiation	 indicated	by	arrows	 in	Fig.	6,	 the	 calculated	mode-mixture	 ratio	was	0.70	 (Omega	beam
1),	0.50	(Omega	beam	2)	and	0.26	(Omega	beam	3).	The	mode-mixture	ratio	correlates	well	with	the	observation	in	Fig.	5	on	the	sensitivity	of	load-extension	responses	to	the	mix-mode	cohesive	strength.
3.3	Mesh	scaling
The	processing	 time	was	14	h	 for	 each	analysis	 reported	above,	 using	 seven	 Intel	 i7	960	3.20	GHz	CPUs	 in	 parallel.	 Such	 computing	 cost	 is	 typically	 not	 viable	 in	 industrial	 applications.	 In	many	 cases,	 an	 optimisation







		 	 		 	
and	for	Mode	II





In	 order	 to	 simulate	 the	 quasi-static	 loading	 condition,	 the	 model	 kept	 the	 kinetic	 energy	 less	 than	 2%	 of	 the	 strain	 energy	 throughout	 the	 analyses.	 The	 minimum	 time	 step	 (T)	 for	 the	 explicit	 dynamic	 analysis	 was	 scaled
according	to
The	mesh	scaling	from	mesh	size	1	mm	to	1.5	mm	and	2	mm	was	applied	to	Omega	beams	1,	2	and	3.	Table	4	 lists	the	scaled	numerical	parameters	according	to	Eqs.	 (2)–(5).	The	computing	time	reduced	from	14	h	 to	5	h,	when
the	mesh	size	increased	from	1	mm	to	2	mm,	providing	a	3-fold	reduction	in	computing	efficiency.
Table	4	Mesh	scaling	settings.
Mesh	size	(mm) Number	of	element	(×103) N	(MPa) S,	R	(MPa) 	(GPa) Time	step	(s) CPU	time	(h)
1 92 40 80 1 56 14
1.5 43 33 60 0.44 45 8.5









































For	all	 three	Omega	 layups,	 the	 finite	element	model	showed	strong	correlated	with	experimental	data	 for	 the	entire	 load-displacement	curve	and	the	delamination	configurations.	After	 the	validation,	 the	model
further	incorporated	the	separate	changes	in	resin	pocket,	thickness	and	void.	The	predicted	bending	performances	matched	well	with	the	scatter	observed	in	the	experiments.	The	devised	modelling	method	has	been
shown	to	provide	a	robust	approach	for	composite	processing	towards	better	structural	performance.
Fig.	10	Photographic	evidence	of	manufacture	induced	defects:	(a)	diamond	arrows	pointing	to	resin	rich	noodles;	and	(b)	normal	arrows	pointing	to	voids	within	laminate.
Fig.	11	Influence	of	resin	rich	noodles	on	the	4-point	bending	performance	of	Omega	beam	3.
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